Abstract. Opportunities for reducing greenhouse gas (GHG) emissions through farm
I. Introduction
Opportunities for reducing greenhouse gas (GHG) emissions through farm manure management systems and the implementation of anaerobic digestion are of growing interest to farmers, electric utilities, and environmentalists alike. There is a prevalent concern however, that, certain elements of centralized anaerobic digestion (e.g. transportation) constitute emissions additional to current manure management systems. This thesis attempts to shed light on this dilemma by developing a scenario modeling methodology to project potential GHG emissions from five potential anaerobic digestion systems that have been proposed by the Department of Biological and Environmental Engineering and the Department of Applied Economics and Management in the context of an economic feasibility study.
The thesis provides an introduction to the issue and contextual information about anaerobic digestion and climate change. It then articulates the methodologies of community assessment, information gathering, experiment design, and scenario modeling. The results of research conducted using these methodologies are then presented and the thesis concludes with a discussion of these results.
II. Greenhouse gas emissions and anaerobic digestion
U.S. greenhouse gas emissions rose 17 percent between 1990 (EPA 2009 ). Agriculture as a sector was responsible for emissions of 413.1 teragrams of CO 2 equivalents (Tg CO 2 e), or 6 percent of total U.S. GHG emissions (EPA 2009 ). Anthropogenic emissions resulting from agriculture are primarily methane (CH 4 ) and nitrous oxide (N 2 O) -gases with global warming potentials of 21 times and 310 times that of carbon dioxide 1 (EPA 2009 . The animal livestock sector contributes significantly to overall U.S. GHG emissions, placing a premium on emissions reduction strategies that can provide added benefits to farmers (Koneswaran and Nierenberg 2008) . Enteric (intestinal) fermentation and manure management contributed 24 and 8 percent of total methane emissions, respectively, with dairy and beef cattle responsible for a larger share of this debt than any other domestic animal type, contributing more than twice as much to agricultural GHG emissions than manure management, which accounts for 7 percent of total anthropogenic methane emissions and 4 percent of nitrous oxide emissions in the U.S. (EPA 2009 and Pitesky et al. 2009 ).
Anaerobic digestion provides a unique point of entry to address greenhouse gas emission reduction in agriculture while simultaneously producing added benefits for community stakeholders. As a source of combined heat and power, digesters can offset the consumption of fossil fuels, resulting in indirect emission reductions beyond direct changes to manure management systems. The addition of substrates has been shown to significantly boost biogas production, multiplying this effect (Gooch et al. 2007 , Morin et al. 2010 , Pronto et al. 2009 ). Poor manure management can be a source of nitrogen runoff -a serious problem for freshwater ecosystems -and can be addressed in part with anaerobic digestion (Hjort-Gregersen 2005) .
Manure management can potentially contribute further to both methane and nitrous oxide emissions, making dairy a significant source of U.S. greenhouse gas emissions. While GHG emissions per unit of milk produced have decreased throughout the second half of the 20 th century, livestock and dairy production still make up a significant contribution to agriculture's carbon footprint (Capper et al. 2009 ).
Digesters reduce GHG emissions partially by capturing methane and nitrous oxide that would otherwise be emitted to the atmosphere under traditional manure management practices, while some -namely anaerobic -storage systems contribute little if at all to emissions (CCAR 2008) . These emissions can be substantial -liquid manure management systems alone, which have become increasingly popular, have contributed to a 44.7% increase in methane emissions from manure management since 1990 (EPA 2009, Steinfeld and Wassenaar 2007) .
In the case of co-digestion, food wastes and other inputs (called substrates) are diverted from landfills, where they would otherwise add to greenhouse gas emissions. Landfills accounted for 23% of all U.S. methane emissions in 2008 (EPA 2009 ). Additionally, processed waste is of significantly less weight (40%) and volume than in raw form, contributing to reductions in odor typically welcomed by dairy communities (Ostrem 2004) .
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This farm-based approach to tackling interrelated environmental problems (greenhouse gas emissions, nitrogen runoff, nutrient imbalance) is consistent with an "ecoagriculture" approach as defined by Scherr and McNeely (2008) , in which agricultural productivity is reconciled with production-dependent rural livelihoods and healthy ecosystems. GHG emission reduction targets could be met in part by agricultural practices, and through the sale of carbon credits, farmers stand to benefit economically from change in such practices. In the rural areas of developing countries, digesters are becoming a prolific solution electricity-access problems with added environmental benefits (Tsai and Lin 2009, Yu et al. 2008) .
Presently, few uniform standards exist to account for emissions reductions due to anaerobic digestion -those that exist are not consistently or universally applied (Pronto et al. 2009 ). Since the emission reduction potential of a particular project could influence its economic feasibility in a carbon-based economy, emission quantification plays an increasingly important role in digester-system design.
The proposed Lewis County community digester is presented as an example of community-based co-digestion and its implications for greenhouse gas emissions reduction accounting in an economic feasibility framework.
Note: This work was done as an extension of a larger technical and economic feasibility study "Feasibility Study of Anaerobic Digestion and Biogas Utilization Options for the Proposed Lewis County Community Digester Project," completed March 2010 by Curt Gooch, Jennifer Pronto, Brent Gloy, Norm Scott, Steve McGlynn, and Chris Bentley. Any references to a "feasibility study" refer to this report.
III. Research question and approach
Within the foregoing context, this research was designed to examine the tradeoffs associated with economic efficiency and greenhouse gas emission reduction in community scale anaerobic digestion systems. Specifically, it employs a scenario modeling approach to assess whether the most economical system design is also the greatest emissions reducer. We anticipated that the findings might generate useful insight into the larger issue of manure management as a means of reducing the carbon footprint of the livestock sector.
IV. Methodology
Several steps of data acquisition were involved in the research described below. First, data on farm and community biomass availability were determined through surveys. Then, samples of non-farm biomass were collected from identified contributors and analyzed for biomethane production potential. Finally, the resulting data were used as a basis for greenhouse gas emission reduction estimations made through the scenario modeling framework described below.
Data Acquisition

Farm and Community Biomass Survey
In order to determine the concerns of local dairy farmers, industry, and residents, two surveys were developed by Cornell University's Manure Management Program, Cornell Cooperative Extension of Lewis County, the Town of Lowville Economic Development Office and local volunteers.
CCE Representatives administered farm-based surveys by mail in Fall 2008. To improve response rate, the farm-based surveys were administered face-to-face in Spring-Summer 2009. Town of Lowville officials and volunteers administered non-farm surveys face-to-face in Spring-Summer 2009. Two different surveys were developed and subsequently administered by the project. The first was a survey of farms within 20 miles of Lowville in any direction to determine the usable quantity of manure. The second was a non-farm survey given to local businesses to determine the nature and volume of food waste and off-farm inputs.
The notable difference between the farm and non-farm survey information is that the non-farm data specified the basic composition of each respondent's waste. The respondents were asked whether or not they currently pay for removal of such waste in order to determine their likeliness to cooperate in a community project. (A full report from 7/15/2009 substrate sampling is available in the appendix.)
In total, 25 non-sand bedded farms were surveyed, with 14 farms producing at least 3,000 gallons of manure per day. Non-farm survey data was collected from 10 organic waste producers, varying from very small contributions of grass and flower clippings to large volumes of whey and dairy waste.
Biochemical Methane Potential Testing (BMP trials)
Six community food waste samples (2, 4, 5A, 5B, 8, 10) were analyzed for biochemical methane potential (BMP) by Rodrigo Labatut at the Cornell Agricultural Waste Management Laboratory. All samples were analyzed in triplicate, with the exception of substrate 4, which was analyzed with 6 replicates, due to the high variability of the substrate samples, resulting in seven individual BMP trials. 
Transportation
Transportation costs are typically the largest operating cost of a community-scale anaerobic digestion process -in several cases, they have been prohibitively high (Bothi and Aldrich 2005 , Bennett 2003 , Jewell et al. 1997 , Edgar and Hashimoto 1991 .
As part of the feasibility study, it was determined that either a project-owned and -operated trucking fleet, or an existing local contractor could be used. A particular local contractor operates a fleet of 6,500-7,000 gallon trucks -this contractor served as a model for fuel consumption estimates and transportation capacity. A transportation methodology was developed that considered time required to pump and load/unload such trucks, as well as the proximity of participating farms to the digester(s). Projected trucking schedules were developed by members of the feasibility study team to account for the transportation of scenario-specific biomass loads at maximum economic efficiency.
Estimating GHG Emissions
Scenario Modeling
Since the Lewis County Community Digester has not yet been constructed, no metering or direct measurement could be conducted to assess the greenhouse gas impact of the project. Instead, projected biogas production and potential biomass trucking routes (as mentioned) were used to estimate prospective greenhouse gas emissions. It is recognized that there can be significant differences between modeled GHG emission reductions and actual emission reductions, typically resulting in a smaller amount of methane actually captured and destroyed upon operation than in the modeled case. In order to minimize this potential shortfall, when a range was given for potential emission reductions, the conservative value was used. In the absence of metered data, this analysis makes extensive use of emission factors from various sources -emission factors incorporate a great deal of uncertainty and should be considered rough (Bhattacharya et al. 2000) .
Four scenarios were developed in exploration of a feasible system design. They are listed below:
1 Energy crop 1 would be co-digested at site 1, and energy crop 2 would be codigested at site 2.
As defined in the USEPA Climate Leaders Protocol (2006), the emissions accounting boundary includes direct emissions of CH 4 and N 2 O associated with manure management processes, emissions that result from the electricity used for blower or heater, and from the transportation of materials directly associated with anaerobic digestion 3 . While CCAR (2008) notably excludes N 2 O emissions from its accounting boundary due to a "conservatism factor", this methodology includes estimates of nitrogenous emission reductions to more completely reflect changes in manure management processes.
A project can produce offsetting effects outside of the physical limits of the anaerobic digester itself that affect the net greenhouse gas impact of the project. Transportation, in this case, includes not only the transportation of manure and food waste influent to the digester, but also the transportation of digester effluent back to the farm.
Since they would not have occurred with the advent of the digester project, emissions associated with leakage are included. Equipment used for land application is not included in the physical boundary for the assessment, since on-farm hauling and transportation practices are not expected to change significantly due to the digester's 3 Emissions of CO 2 from manure are not included because the manure is from biogenic sources -namely as crops in livestock feed -so subsequent emissions do not add to the atmospheric concentration (Pertl et al. 2010 , EPA 2006 . construction (see Fig. X below for a visual representation of the accounting boundary). Likewise, emissions associated with land application are not included within the project boundary as they are not expected to change significantly. It is possible that by producing an effluent with a lower viscosity than manure, anaerobic digestion could encourage more long-distance pumping of fertilizer. However, this is not anticipated to have a significant impact on emissions. The underlying methodological concept was derived from accounting principles developed by the IPCC (2006) and EPA (2006) . A baseline scenario was established by estimating emissions resulting from the manure management systems currently in place. The baseline scenario was one in which, in the absence of any project-related activity, manure and food waste are left to decay, emitting greenhouse gases into the atmosphere.
Then, the same factors were used to project greenhouse gas emissions for the operation of the digester(s). Leakage from the digester(s) is incorporated into the emissions estimates in the form of methane capture efficiency. Emissions resulting from transportation were added to the total emissions in each scenario.
Anaerobic digestion can contribute to the generation of renewable energy, if the methane produced during digestion is combusted for electrical generation. However, GHG emission reductions associated with displacing grid-delivered electrical energy are considered an indirect emission, and are thus not included in the emission reduction estimates. As CCAR Protocol (2008) points out, only direct emission reductions due to GHG capture and abatement within the physical boundaries of the project can be claimed -capturing and using methane to produce electricity for the grid is a separate GHG reduction project. Further, since the future of the Lewis County digester is unclear, it is not necessarily the case that the electricity generated will be delivered to the grid.
Most emission reduction accounting methodologies emphasize additionalityreductions that are above and beyond the business-as-usual scenario (CCX 2009 , CCAR 2008 , EPA 2006 . The project emissions were subtracted from the baseline emission scenario (business-as-usual) to determine the greenhouse gas reductions of the project.
Emissions reductions = Emissions BASELINE -Emissions PROJECT Throughout the report, annual numbers are given to best account for seasonal fluctuations where applicable. Furthermore, where a range of values was presented in the survey data or in the feasibility study, the conservative end value was used unless otherwise noted.
The following values were used:
• The biogas generated at the digester(s) is 60% CH 4 by volume.
• Since the proposed digester(s) will be enclosed (not covered anaerobic lagoons), biogas capture efficiency was assumed to be 95% -an average of the IPCC's (2006) conservative 90% efficiency and EPA's (2008) 99%. An additional 0.25% of leakage was assumed for scenario 3a to account for leaky pipelines and shut-off devices (Pertl et al. 2010 ).
• Trucks transporting manure and food waste were assumed to get 5 miles per gallon of diesel fuel 4 . The combustion of diesel fuel was assumed to produce 22.912 lbs of CO 2 e / gal (Wightman 2008 ).
• The global warming potential of CH 4 was assumed to be 25 that of CO 2 ; the global warming potential of N 2 O was assumed to be 310 that of CO 2 (IPCC 2007 To estimate baseline emissions, a methane conversion factor of .17 was used to represent the liquid/slurry manure management system currently in place at the surveyed farms (IPCC 2006 , EPA 2008 5 . An emission factor of .05 is used for each anaerobic digester in the scenario analyses (EPA 2008 , EPA 2006 , IPCC 2006 . N 2 O Emissions BASELINE = (lbs N/day) / (2.2kg / lb) x (365 days / year) x (44/28) 6 x (GWP N2O ) x [emission factor] = kg CO 2 e / year For N 2 O baseline emissions, a global warming potential of 310 was used . An emission factor of 0.005 was used to represent the liquid/slurry manure management system currently in place at the surveyed farms (IPCC, 2006 and EPA, 2008 ). An emission factor of 0 is used for each anaerobic digester in the scenario analyses (EPA, 2006) .
Manure emissions
All manure management systems produce GHG emissions (EPA, 2006) . However, emissions vary with manure management practices as well as time and temperature. Currently, no farms in the Lowville area store manure in a covered anaerobic lagoon -while such storages exist, they are not common in the Northeast. Instead, liquid/slurry manure management systems prevail. The cohort thus has important implications for dairy GHG emission reductions statewide -liquid/slurry manure storage accounts for 47% of NY State dairy manure methane emissions, more than any other manure management practice (Wightman, 2006) .
The surveyed farms employ a liquid/slurry system for storage and spread the contents for use as a soil amendment and organic fertilizer as needed. Farms with storage specifically for solid manure 7 were not surveyed on the basis that it would be too hard to transport solid manure to the digester. Since the few farms using solid manure are spreading daily, it would also represent a significant change in the behavior of these farmers to participate in the digester project.
EPA (2009) provides methane conversion factors for manure management systems. Liquid/slurry systems are considered to be 17% effective in capturing methane, while digesters are given a default value of 90%. However, specific values for plug-flow digesters of reasonable technical efficiency are assigned a capture efficiency of 99% -as mentioned earlier, a compromise of 95% was assumed for this analysis. N 2 O emission factors are also given: 0.005 for liquid/slurry; 0 for anaerobic digestion. 
Transportation emissions
Emissions TRANSPORT = (miles annually) / 5 miles per gallon x (22.912 lbs CO 2 e / gallon) / 2.2 kg per lb = kg CO 2 e / year
In keeping with the prominent GHG accounting methodologies, emissions associated with additional transportation specifically associated with the anaerobic digestion project were considered to be within the physical accounting boundary (Wightman 2008 , EPA 2006 , IPCC 2006 .
Since the feasibility study was completed with a specific local contracting service in mind, their fuel efficiency value of five miles per gallon of diesel was used. As identified by Wightman (2008) , the Regional Greenhouse Gas Initiative's (RGGI) value of 22.912 lbs CO 2 per gallon of diesel was used.
Substrate emissions
Climate Action Reserve's (2009) Organic Waste Digestion Project Protocol was used as a model to account for GHG emission reductions associated with the diversion of the identified substrates from disposal to anaerobic digestion. The protocol provides a first order decay model for calculating baseline methane emissions from landfilled food waste streams (Equation 5.4).
Substrates 1,3,6,7, and 9 make up only about 55 MT of waste annually in aggregate, and are thus negligible when considered against the sources likely to be used (2,4,5A, 5B, 8, 10, and 11), which total to 60,000-78,000 MT annually.
Values of both the fraction of total degradable organic carbon (by weight) in each food waste stream and the fraction of the degradable organic carbon that decomposes under anaerobic conditions differ between food waste and post-digested sludge, both of which are present in each scenario. The respective values for each substrate are applied to the proportion of the total substrate input that the substrate represents.
A global warming potential 8 of 25 is used for methane instead of CAR's recommended 21, in order to maintain consistency with the rest of our report's estimations and with the most recent IPCC guidelines (2007) . Decay rates are differentiated by climate, with Lewis County qualifying as wet temperate.
Finally, the fraction of methane captured and destroyed under anaerobic digestion is assumed to be 95%, in keeping with previous efficiency estimates within the report. In the case of the baseline scenario, the CAR default 75% is used; for scenario 3a, 94.75% is used to account for additional leakage in the pipeline and associated equipment.
Construction emissions
8 "The global warming potential (GWP) of a greenhouse gas is defined as the ratio of the timeintegrated radiative forcing from the instantaneous release of 1 kilogram (kg) of a trace substance relative to that of 1 kg of a reference gas." The reference gas used is CO 2 . All gases are subsequently presented in units of CO 2 equivalents. (EPA, 2009) Presently, no methodology exists to explicitly quantify emissions associated with the construction of anaerobic digestion systems. In the place of such an approach, data from EPA's Sector Strategies Division report, Quantifying Greenhouse Gases in Key Industrial Sectors of the U.S. (2008) is used. The default emission factor of 0.37 MTCO 2 e/ 2002 $1000 9 for construction projects associated with "Water and sewer line and related structures construction" was determined to be the best estimate for construction of (an) anaerobic digestion system.
In the absence of estimations regarding the capital costs of construction in each scenario, data from an analogous project were used -Jewell et. al's (1997) analysis of community-scale anaerobic digestion was on the same scale (128,000 tons manure / year; 4,700 cows) as plans for the Lewis County digester (145,000 tons manure / year; 5,000 cows). The capital cost of this project -1997 $1,550,000 was adjusted for inflation according to data from the Statistical Abstracts of the United States to obtain a value of 2002 $1,739,843. Emissions CONSTRUCTION = $1,739,843 x 0.37 MTCO 2 e/ $1000 = 643.74 MTCO 2 e
The resulting value of 644 MTCO 2 e was added to the project emissions in each scenario.
Seven participating farms (5, 11, 14, 16, 19, 21, and 23) 10 would need on-farm, short-term storages conducted in order to facilitate biomass transportation associated with the project. The feasibility study estimated the cost of a sufficient facility to be $28,750 ($24,248 in 2002 dollars). To estimate emissions from this construction, EPA's (2008) standards for "poured concrete foundation and structure contractors": 0.24 MTCO 2 e/ 2002 $1000.
As an alternate method, default standards for construction of "nonresidential manufacturing structures" provided by Carnegie Mellon University's Environmental InputOutput Life Cycle Analyses were applied to the capital cost of the digester (Carnegie Mellon University Green Design Institute 2010). The resulting 761 MTCO 2 e could be considered an alternate value for construction emissions of the project.
Flare
In most anaerobic digestion systems, a flare is used to burn excess biogas. The resulting CO 2 would be considered an additional anthropogenic source of GHG emissions associated with the project. However, it is expected that one large local client's electricity demand will make full use of the output from the digester. Therefore, minimal flare use is anticipated should any scenario be adopted. Especially considering the 96% default efficiency of flares (CCAR 2008) , potential emissions from flare use are considered negligible in this analysis.
Offsetting onsite electricity use
EPA (2008) distinguishes electricity produced for use onsite from electricity produced for sale to the grid in terms of GHG emission reductions. As mentioned earlier, the production of energy for use offsite is considered a separate project, so emission reductions due to the offset of fossil fuel-based electricity are considered indirect and not within the physical accounting boundary.
Although some heat and electricity may be used to satisfy the demands of the engine-generator set onsite, this parasitic energy requirement does not represent any additional emissions of GHGs as it remains within the closed loop of the anaerobic digestion project system -no baseline scenario energy demand is satisfied by the provision of such heat or electricity. Furthermore, CAR (2009) considers biogas used as a replacement fuel for onsite equipment as a complementary and separate activity. There is no subsequent effect on project GHG emission reductions. Additionally, energy use associated with existing manure management systems (i.e. transport of manure to and from storage on-farm, spreading) is assumed not to change significantly with the advent of anaerobic digestion in any scenario, as on-farm transport will remain essentially the same.
Estimates of emission reductions due to displaced electricity were made, however, and are included in a secondary emission reduction estimate. These estimates were made using New York State energy portfolio emission factors (EIA 2010). The emission factor (0.3455 kg CO 2 e), which was designed to reflect the fuel mix of New York State's energy portfolio, was multiplied by the projected electrical energy value of manure calculated for each scenario. Since the future of the Lewis County digester is unclear, it is not necessarily the case that the electricity generated will be delivered to the grid. Values are nonetheless given for consideration:
Scenario 1: 0.3455 kg CO 2 e x 9,858,901 = 3,406,250 kg CO 2 e / yr offset Scenario 2: 0.3455 kg CO 2 e x 7,905,088 = 3,004,327 kg CO 2 e / yr offset 
V. Results
This section details results from the farm survey first. Additional considerations for the codigestion of energy crops (originally unanticipated) are then presented before results from the community biomass survey. Likewise, additional considerations for the codigestion of food waste from nearby military reservation Fort Drum, NY are presented next. The results of the biomethane production potential trials are presented next. The last of the base data presented pertains to the transportation requirements of each scenario. Finally, emissions reductions are tabulated for each scenario according to the accounting methodology above.
Farm Survey
A summary of the data obtained through the farm survey is shown in Table 1 (See Appendix). Using information provided in the American Society of Agricultural and Biological Engineers (ASABE) Engineering Practices Standard (ASABE, 2005) along with information from the farm survey reports, estimates were made of the daily mass of manure production and composition farm by farm.
In order to account for the fact that dry cows and heifers produce less manure and volatile solids and per day than lactating cows, the manure quantity and composition produced by each animal management group was expressed on a lactating cow equivalent (LCE TS basis ) on a total solids basis. This unit uses ASABE standards for the total solids produced per cow per day to adjust for the reduced production of manure from heifers.
Information regarding existing manure storage, road access, and bedding type is included in Table 1 . Storage, access, and bedding are all items needed to help determine the degree to which a farm would be able to participate in a community digester project. Farms with a lack of nutrients, for example, would likely be interested in the nutrient-rich effluent produced as a byproduct of anaerobic digestion. a. Quantity: low number of cows prompted investigation of alternative sources of manure
Although the continuous collection of completed surveys continued throughout the beginning of the study period, there was initial concern about the low number of cows (and subsequently low volume of manure) to potentially supply the anaerobic digester. This led to an expansion of the search, namely to include sand-bedded farms.
Alternative Biomass Sources -Energy Crops
The possibility of growing energy crops for anaerobic digestion was also considered. Lewis County has few strictly crop farms, comprising approximately 2,400 total acres. Assuming 19 tons per acre of production, this amounts to a potential for approximately 296,000,000 ft 3 of biogas each year. A summary of these calculations is presented in Table 2 . 
Alternative Biomass Sources -Fallow Ground
Finally, the possibility of digesting several hundred acres' worth of reed canary grass that grow along the Black and Beaver Rivers in Lewis County was considered. Historically, this acreage has been harvested for bedding hay. This option was ultimately rejected, especially considering the logistical difficulties the fragmented ownership of the property posed. Furthermore, spring flooding along the Black and Beaver rivers typically leaves a large amount of sediment and debris in the fields. A summary of the challenges presented by this biomass source is presented below:
• Accessible acreage will vary from year to year based on weather conditions. Acreage was significant in 2008 and 2009 previously inaccessible for harvest until late August-early September due to wet conditions. o Some of this land is not conducive to large equipment due to the water table and spongy nature of the soils.
• There is a great deal of debris at harvest due to the frequent flooding.
• Even in dryer years harvesting at a time conducive to fermenting a crop can be a challenge.
• Attempts to establish any crop other than the native reed canarygrass have had very limited success • Very fragmented parcels with many landowners -could present logistical challenges in terms of coordinating landowners to unify in an effort to establish a meaningful acreage of this land that would be consistent from year to year.
b. Perspective: willingness to cooperate heavily dependent on benefits to farmer
While it was ultimately decided that those farmers who took the time to fill out a survey could be considered interested or cooperative simply because of their decision to participate in the survey, most of the farmers responded to the "perspective questions" with caution. "If it benefits me," was a common reply of the respondents' willingness to give up their manure. Delivery of the nutrient-rich effluent will likely prove to be an important determinant of the project's ultimate success.
Non-Farm Survey
Many of the proposed inputs were unusable, including bones from a butcher, napkins, and coffee grounds. A considerable education and/or waste separation project is needed if further food waste contributions from the community are sought.
A summary of the results from the non-farm survey data is presented in Table 2 (See Appendix).
Alternative Biomass Sources -Fort Drum
As with the farm survey results, an initially low quantity reported prompted the investigation of alternative sources. This included Fort Drum, the large military base north of Lowville -it was discovered that Fort Drum intends to develop their own waste management system to deal with the food waste from their centralized dining facilities on their own.
Residential food waste was also considered as a possible input, but serious investigation was postponed in light of the difficulties inherent in such large organizational undertakings and the unlikelihood of developing a representative sample of such a variable waste stream.
Sample Analysis Biogas calculations
The average biogas production potential for all substrates and manure is 146 million ft 3 per year.
The two substrates with the most meaningful quantities of biogas production were 8 and 10. 2 and 11 were the second highest producers. The whey was discovered to be very diluted, which accounts for the low methane yields, and the sludge from Kraft has already undergone a digestion process, which accounts for the low methane yields from that substrate.
The impact on gas production from the substrates is very small in relation to manure, not due to methane yields of the substrates, but due to the sheer volume available when compared with the almost 35,000,000 gallons of manure produced each year.
Transportation
It was determined that the local contractor option was more economically feasible than the startup fleet. A summary of relevant data from this portion of study is provided in Table 3 . 
Greenhouse gas emissions estimates
Direct emission reductions
A summary of the calculations for each scenario, as described in the methodology section, is presented below. Total emission reduction estimates are given in kilograms of CO 2 equivalent per year. Two values are given for the project scenarios: one representing just direct reductions associated with changes in manure management practices ("manure"), and one including estimated reductions from landfill diversion ("total"). The difference is displayed on the line between these values as the estimated emission reductions due to substrate landfill avoidance. In scenario 2, the same central digester would receive manure from only 14 of the surveyed farms -those producing at least 3,000 gallons of manure daily -and select food wastes (the 3 non-farm biomass substrates with the highest volumes: 8, 10, and 11). Emissions reductions SCENARIO 2, TOTAL = 11,648,510 kg CO 2 e / year
Baseline Scenario
Scenario 3
In scenario 3, two regional digesters (here, D1 and D2) would receive manure from select surveyed farms and select food wastes. D1 would receive manure from 12 of the surveyed farms, while D2 would receive manure from four of the surveyed farms. These farms were chosen for their proximity to their respective digesters. D1 would codigest substrate number 8, which is the highest volume non-farm biomass substrate that is nearest D1. Site 2 would co-digest substrate numbers 10 and 11, which are the highest volume non-farm biomass substrates nearest D2. Emissions reductions SCENARIO 3, TOTAL = 9,109,495 kg CO 2 e / year
Scenario 3a
Scenario 3a is identical to scenario 3, except that partial volumes of the manure would be transported to the digester by pipe instead of truck. At D1, five of the 12 participating farms would send their manure to the digester by pipe. At D2, two of the four participating farms would send their manure to the digester by pipe. Emissions reductions SCENARIO 3A, TOTAL = 9,043,203 kg CO 2 e / year
Scenario 4
Scenario 4 is identical to scenario 3, except that energy crops are included in the analysis. The same farms and non-farm biomass substrates would be used to provide material to each of the digesters. Energy crop 1 would be digested at D1, while energy crop 2 would be co-digested at D2. 
VI. Discussion
Baseline emissions from current manure management practices were estimated at approximately 12,700 MT CO 2 e / year, which equates to about 2,300 passenger vehicles on the road each year . The dairy farming community represented by this scenario is within a 15-mile radius of one rural town -it is telling that its business-as-usual GHG emissions simply from manure management practices could be orders of magnitude greater than the farmers contribution from personal transportation each year.
After reviewing the feasibility study interim report data, the Lowville Digester Work Group decided to pursue scenario 2 for the conclusion of the feasibility study, with modifications to include the co-digestion of energy crops. Technical concerns were cited 12 , but minimizing the economic impact of trucking fees was paramount to the decision. Indeed, at $82 / hour, trucking fees quickly make biomass transport economically infeasible. Interestingly, though, GHG emissions associated with transportation only amounted to about 7% of total emissions (without substrates) at most (Table 5) . Transportation emissions were indeed highest (both in absolute and relative terms) for scenario 1, which displayed the greatest emission reductions (both with and without substrates). However, they played a relatively small role in the GHG emission assessment of the scenarios. Methane made up a large portion of the emissions in each scenario. Even though emissions resulting from leakage were higher in the centralized scenarios, they saved overall on methane emissions because they incorporated manure from more farms, cutting back on emissions from manure left in liquid/slurry storage systems. This also saved on N 2 O emissions, as the accounting methodologies surveyed and used in this report did not assume any nitrogenous emissions from anaerobic digestion. On the other hand, emissions from liquid/slurry manure application, though variable, can be significant. Scenario 1 avoids the emissions relative to the baseline scenario by precipitating a change in manure management across all 25 surveyed farms. Substrate emissions had a significant effect on the relative proportion of GHG emissions reductions represented by each scenario (Table 6 ). The centralized digester scenarios (1 and 2) had a significant edge over the decentralized scenarios in terms of emission reductions. The pipeline scenario (3a) did show a reduction in GHG emissions relative to the decentralized scenarios without piping, however it was quite small (<1%).
The choice of bioenergy systems may be based on how efficiently GHG emissions are reduced per unit of biomass used (Schlamadinger et al. 1997) . When expressed as emissions reductions per unit influent, the results reflect the relative efficiency of each scenario (Table 7) . While this analysis did not explicitly consider the sale of carbon credits, the estimated emission reductions indicate a sizable potential for additional revenue. This is particularly cogent in light of the fact that the feasibility study originally recommended scenario 2, which did not represent the greatest emission reductions, at least in part to save money. An interagency working group has preliminarily valued carbon credits at $21 / MT CO 2 e 13 , but policy will largely determine the future of this price (Ackerman and Stanton 2010) -pending legislation could make a federal cap-and-trade scheme possible 14 . On the basis of this factor, scenario 1 could potentially make $201,100 (without substrates) -$282,500 (with substrates) on the sale of carbon credits each year. Significant challenges exist in the way of transaction costs for such large-scale verification and sale of carbon credits, of course.
Economic concerns also focus largely on the system's ability to produce electricity. While the production of electricity was beyond the accounting boundary of this analysis for purely environmental purposes, the amount of biogas produced (and therefore the load of electricity possible) clearly factors heavily into the decision to recommend one scenario over another. Electricity generation is the single largest source of CO 2 emissions in the U.S., representing 39% of the total (EPA, 2009). Given a different accounting boundary, where offset electricity from the grid could be considered attributable directly to the anaerobic digester, the emissions balance would be swayed by electrical production capacity as least as much as the economic balance sheet has been. The offset of fossil fuel-based electricity by project generation represents a significant boost in total emission reductions. While this analysis does not include these reductions inside the project boundary, it should be noted that under a different methodology they may represent a significant portion of the total emission reductions.
VII. Conclusions
While the percent GHG emissions reductions of the preferred scenario (scenario 1) were not as high as Turnbull and Kamthunzi (2003) observed, a 67% reduction in CO 2 e is quite significant. The anaerobic co-digestion of manure and food processing waste can considerably soften the carbon footprint of dairy production at the community scale.
Expanding transportation networks do indeed lessen the net emission reductions of anaerobic digestion projects in which biomass transportation is considerable, leading to a heftier price-tag and reduced environmental benefit (Boman and Turnbull 1997) . However, on the scale of this analysis, emissions associated with transportation were relatively inconsequential to the overall balance of GHGs. This betrays an inherent tendency to downplay environmental benefits in a policy environment without adequate valuation of immaterial goods.
In the U.S., approximately 850 anaerobic digesters are used at municipal solid waste facilities, and approximately 544 are used at large wastewater treatment plants (Pew 2009). Few community-scale projects incorporate co-digestion on a meaningful scale, a practice that could glean considerable environmental and economic benefits from carbon trading schemes.
A key problem with tracking greenhouse gas emissions and issuing carbon credits remains a lack of widely accepted verification methodologies that can bridge concerns of scientific certainty and economic cost-effectiveness (Ney and Schnoor 2001) . More work is needed towards a policy framework that will accurately value the environmental benefits of greenhouse gas reduction. Solidifying a methodology for projecting and estimating emissions from a community-scale anaerobic co-digestion project could increase the likelihood that such environmental assessments will be conducted and weighed alongside economic feasibility studies. Despite uncertainties surrounding the ease with which actual emissions reductions can be translated in financial gain, the proliferation of such assessments can only help promote the added benefits of anaerobic digestion. 
Community biomass sampling report, 7/15/2009
In order to quantify the biomethane production potential of available non-farm waste streams in Lowville, samples were collected from willing providers within the town limits. All samples were kept in closed, plastic 1L containers and stored in a cooler filled with ice.
Around 9:00am the first sample was taken from substrate provider 7, a local family's residence. The sample from the home consisted of residential food waste, chopped with a knife and mixed using a food processor (Fig. 1) .
While there are considerable logistical problems with getting a single sample that can be considered representative for residential food waste (which varies considerably in content and volume throughout the year and home by home), a sample of substrate 7 was taken in the hope that it might contribute to the formation of such a sample in the future.
Next, samples were taken from substrate provider 4. The offal was deposited in no particular order into eight oil drums and included blood, intestines, hides, livers, fat and other assorted butcher waste (Fig. 2) . To make a sample as representative as possible, some blood was pooled into the container along with slices of liver, intestine and fat that had been mixed using a power drill. Since the waste was not uniform throughout or across the barrels, the sample incorporates elements from several of the barrels. However, caution should be taken in assuming that the sample is truly representative of what may be available on any given day throughout the year. The owner of the establishment noted that during deer season (October-December), deer bones would be the sole output.
A sample was then taken from substrate provider 8. Employees explained that whey waste was emptied every day while the other waste product, CIP waste water, was emptied about every three days. Thus, a representative sample was taken by mixing three parts whey waste to one part CIP waste water. It should be noted that substrate provider 8 already pumps this waste outside to be trucked off-site; therefore, no infrastructure development would likely be necessary for the proposed digester project.
A local grocery store was unable to provide a sample, since the portion of their usable food waste not already donated to the local soup kitchen is deposited into a catch-all dumpster that also receives waste such as plastic, metal and other unusable refuse. Produce waste was piped through the local sewer system to the wastewater treatment plant after going through a garbage disposal. Collaboration between the bakery, produce, and meat departments also needs to improve in order to coordinate a large-scale waste separation process in the future. Samples were then taken from 3 restaurants: substrate providers 9 and 5 (both 5A and 5B). All three contributed samples of mixed pre-and post-consumer food waste in addition to samples of fry grease. For the purpose of BMP trials, waste from substrate provider 9 is a mix of waste from two restaurants combined in proportion to the restaurant's contributions of both grease and food waste. Similar samples were provided by substrate providers 2 and 3, albeit consisting of less grease than in the case of the restaurants. Substrate provider 2 was separating its waste by liquid and solid (both of which are included in the sample), but did not provide fry grease, while substrate provider 3 did.
Finally, a sample was taken from substrate provider 6 consisting of refuse flower stems, flowers, petals, and other plant matter.
